ABSTRACT OBJECTIVE: We sought to investigate the impact of emotional and surgical stress applied in two hormonally different estrous-cycle phases as well as the hypothalamic dopaminergic involvement on the rapid compensatory adrenal growth (CAG) and the individual adrenal growth (IAG) in rats. DESIGN: After surgery for left and sham adrenalectomy (Adx) carried out on either diestrus-2 (DE-2) or proestrus (PE), CAG and IAG were evaluated in PE or estrus (E), respectively. Hypothalamic dopaminergic activity was also assessed by measuring dopamine (DA) and 3,4-dihydroxyphenylacetic acid (DOPAC) levels in DE-2, PE and E in controls and in PE and E in sham and left adrenalectomized rats. All groups experienced similar chronic emotional stress assessed by the emotional reactivity score recorded during vaginal screening. RESULTS: In controls, DOPAC levels in DE-2 were higher than in PE and E. In PE, following surgery in DE-2, DOPAC levels and DOPAC/DA ratio were increased compared to PE controls; CAG was not significant, while negative correlations of IAG and CAG with DOPAC/DA ratio were observed. In E, CAG and IAG were significant, while dopaminergic activity was not increased compared to E controls. CONCLUSIONS: The significant CAG and IAG following left Adx in PE but not in DE-2 suggest a pronounced positive impact of the hormonal milieu on this process. The profound attenuation of CAG and IAG in PE suggests a negative effect of stress-associated dopaminergic activation.
IntroductIon
Compensatory adrenal growth (CAG) after unilateral adrenalectomy (Adx) is a well established model of adrenal growth in rats. 1 After left Adx, the increase in wet weight, protein, DNA and RNA content of the remaining right adrenal within 12-24 h, (Adx) rat relative to the weight of the corresponding adrenal of a rat with both adrenals, which underwent only sham operation under the same conditions. [1] [2] [3] IAG is defined as the growth seen in the remaining adrenal relative to the corresponding removed adrenal in the same rat.
The IAG in humans following unilateral adrenalectomy can be estimated by comparison of the size of the remaining adrenal (estimated by magnetic resonance imaging) with the size of the removed adrenal. Because of the need for surgical intervention in a number of patients with adrenal mass 10, 11 and the high prevalence of unilateral incidentalomas (90% versus 10% bilateral), 12 ,13 a research study in rats, which includes CAG and IAG assessment in relation to estrous cycle, stress and hypothalamic dopaminergic status, besides its theoretical interest, might have implications in humans with nosology requiring unilateral adrenalectomy.
materIalS and methodS

Animals and general procedure
Virgin female rats of the Wistar strain, born and raised in our laboratory under controlled conditions (14 h light-10 h dark, lights on from 06:00 to 20:00 h, [21] [22] [23] o C), were studied at 3-4 months of age. Rat chow and water were provided ad libitum. Only rats characterized by at least 3 consecutive 4-day estrous cycles were included in this study. The number of studied rats (n=58) included 24 control rats and 34 rats that were exposed to surgery: 16 for sham and 18 for left Adx carried out on the day before autopsy. In all rats dopamine (DA) and its metabolite 3,4-dihydrophenylacetic acid (DOPAC) were measured in the hypothalamus, including the preoptic area.
Procedure for Vaginal Smear Screening (VSS)
The handling for obtaining vaginal smears consisted of grasping the rat gently but firmly by the skin of the neck and back to immobilize it in the upright position in order to insert with caution a cotton-swab humidified in drops of saline into the vagina and obtain vaginal cytology by hemicircular movement. The procedure for VSS has been proven to be stressful because the number of reactions recorded in the present study during handling for weighing, which known as the early rapid CAG, has been attributed to a neurally mediated reflex between the adrenal and the hypothalamus. 2, 3 Despite the homeostatic significance of CAG, there are no studies to illustrate the early rapid CAG following unilateral adrenalectomy in cycling female rats carried out in two consecutive but hormonally different phases of the 4-day estrous cycle. This 4-day cycle includes 4 phases, defined by vaginal smears: 1) Diestrus-2 (DE-2), 2) Proestrus (PE), 3) Estrus (E) and 4) Diestrus-1 (DE-1), also referred to as metestrus. [4] [5] [6] [7] Hormonal determinations (estradiol, progesterone, and LH) throughout these 4 phases 5 has shown profound differences between the two consecutive phases DE-2 and PE, the peak levels of these three hormones being found in PE. Details of the hormonal milieu of the various phases of the 4-day estrous cycle in the rat can be found in the study of Butcher et al. 5 Considering that a study in cycling rats requires vaginal smear screening (VSS), we should mention that in one of our studies in cycling rats we found that the procedure of VSS represented a mild stress shown by a rise in ACTH about 10 min following VSS. Furthermore, by recording behavioural indices during this procedure we found that the final emotional reactivity score (ERS), which expresses fear and resistance to VSS, was higher after prolonged (12-18 days) compared to short duration (7-10 days) VSS. The prolonged VSS was associated with higher adrenal weight, reduced thymus weight and reduced ACTH response to 2.5 min ether stress. 8 In a subsequent study, an estrous-cycle phase effect was noted on the hypothalamic dopaminergic status, expressed by dopaminergic alterations in DE-2 but not on the phases PE and E. 9 In the present study, we sought to investigate the impact of chronic emotional stress and surgical stress applied in two profoundly different phases of the estrous cycle (DE-2 and PE), on the rapid CAG and individual adrenal growth (IAG) and in relation to the neurochemical dopaminergic hypothalamic status. It must be mentioned that the day of DE-2, which precedes the ovulatory surge taking place in PE, might correspond to the follicular phase of the human cycle, while PE might correspond to the periovulatory phase. CAG is defined as the growth seen in the remaining adrenal of a unilaterally adrenalectomized preceded VSS for 4-5 days, was markedly lower than that recorded when VSS was added to handling for weighing in the same rats. The protocol used to achieve the chronic emotional stress related to VSS and the kind of different reactions recorded have been described in two previous studies. 9, 14 The sum of these reactions for each rat constituted the final emotional reactivity score (ERS), used as an index of the extent of experienced chronic emotional stress by each rat. The majority of rats had high ERS. In order to obtain groups with similar final ERS, rats with low ERS were distributed in the 7 groups examined for dopaminergic status in the hypothalamus with 2 rats in each group of 8 or 9 rats. At the end of the experiment the total number of days with handling in the 7 studied groups was similar, ranging from 16 
Assessment of the phases of the estrous cycle
The phase of the estrous cycle was determined by VSS carried out between 09:00 and 11:00 h. The procedure for VSS is described in detail in previous studies. [6] [7] [8] [9] 14 At autopsy, the phase of the estrous cycle was also assessed by taking the weight of the uterus.
Surgical procedure
Two groups of rats were subjected to surgery (one for sham and the other for left Adx) either in DE-2 or in PE. The surgical procedure for sham or left Adx was performed between 14:00 to 16:00 h, either in DE-2 or PE. The anesthetized rat was removed from a ventilated Plexiglas chamber filled with ether vapours after 2.5 min of exposure. During surgery, ether was administered again if needed. The surgical procedure lasted for about 15 min in all rats. In sham Adx, after incision through the skin and a cut through the muscle layer as in left Adx, the left adrenal was exposed but not touched. After the removal of the left adrenal and after sham Adx, retroperitoneal, muscle and skin incisions were closed by separate suturing. Littermates on the same cycle phase for sham and left Adx were used and equal timing for surgical procedures at sham and left Adx was kept in order to avoid an artefact due to unequal duration of surgery.
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Procedures at autopsy
All rats were sacrificed by decapitation between 09:00 and 11:00 h, 19-20 hours post surgery either in PE or E phases, immediately after assessment of emotional reactivity. In all studied rats including controls in DE-2, the brain was removed at autopsy and the hypothalamus was rapidly dissected on ice and weighed. In all rats the left and the corresponding right adrenal gland were weighed separately to the nearest 0.01mg, after being trimmed of surrounding fat and connective tissue on a filter paper saturated with saline. In left Adx rats the weight of the removed left adrenal in each rat was compared to the remaining adrenal that was weighed at autopsy. All animal experiments were reviewed and approved by the local committee and were carried out in accordance with the European Communities Council Directive of 24 November 1986 (86/609/EEC).
Measures of CAG and IAG
Rapid (within 19-20 h) IAG was determined by using 3 indices: 1) the weight difference between the right and the corresponding, previously excised, left adrenal; 2) by direct comparison of the remaining right to the corresponding removed left adrenal; and 3) by the ratio of the remaining/corresponding removed adrenal weight, expressing the extent of IAG. CAG was estimated by comparison of the weight of the right adrenals between left Adx and sham Adx rats performed on the same day of the estrous cycle. A second method of analysis initiated in our laboratory was also applied. 15 This method compares the normalized right adrenal between sham and left Adx rats as previously described. 16 
Neurochemical assessment
After sacrifice by decapitation, the brain was removed and the hypothalamus was rapidly dissected on ice in all studied rats. The piece of this area included the whole hypothalamic tissue and the optic chiasm. The boundaries of the whole hypothalamic area were assessed according to Figure 92 of the Paxinos rat brain atlas. 17 After immediate weighing, the tissue was homogenized and deproteinized in 500μl of 0.2 N perchloric acid solution containing 7.9 mM Na2S2O5 and 1.3 mM Na2EDTA. The homogenate was centrifuged at 14 000 rpm for 30 min and the supernatant was stored at -80 o C. Analysis of DA and its metabolite DOPAC was performed by High-Performance Liquid Chromatography with an electrochemical detector (HPLC-ED). 18 A reversephase ion pair chromatography was used to assay DA and DOPAC in all samples. 19 Details concerning the procedure have been previously described. 9 The sensitivity of the assay was always tested by the use of external DA and DOPAC standards (Sigma, St. Louis, MO). The limit of detection was 1 pg/20 μl (injection volume). Additionally, the DA turnover ratio DOPAC/DA ratio as indicative of the dopaminergic function was also calculated. Results are expressed as μg/g of tissue.
Statistics
All values are presented as mean±SEM. One-way analysis of variance (ANOVA), followed by Scheffι post hoc tests, was used to determine significant differences concerning neurochemical activity among groups. The significance of the difference between the remaining right and the corresponding removed left adrenal was determined by Student's paired t-test. Correlation statistical analysis (Pearson's correlation) was performed to investigate possible statistically significant correlations between IAG, normalized right adrenal, uterine weight, DOPAC levels and DOPAC/DA ratio. Statistical significance by Student's t-test between two independent groups was evaluated at the 2P level. Logarithmic conversion of values was performed when normality assumption was not valid. The level of statistical significance was set to 5%. 
reSultS
The IAG value (Figure 1 ) was higher in E following left Adx in PE when compared to PE following left Adx in DE-2. Comparison by paired t-test of the remaining right adrenal weight to the corresponding removed left (Table 1 ) revealed a highly significant IAG in E while no IAG was detected in PE. The IAG in these rats when expressed by the ratio of remaining right adrenal weight in E to the corresponding removed left adrenal weight in PE was also higher than the ratio remaining right adrenal in PE/removed left in DE-2.
No significant CAG was observed in PE ( Figure 2) when the remaining right adrenal of Adx rats is compared with the right adrenal of the corresponding sham Adx rats. The same results were obtained after comparing the normalized right adrenal. In contrast, significant CAG was observed in E. In left Adx rats the weight of the right adrenal in E was significantly higher than the corresponding right adrenal weight in PE, as was the normalized right adrenal in E versus PE. In sham Adx rats there was no difference in the right adrenal weight and the normalized right adrenal between PE and E. This finding permitted the use of the normalized right adrenal in left Adx rats as an index of the extent of CAG. At autopsy, body weight in PE and E did not differ significantly between left and sham Adx rats.
Concerning hypothalamic dopaminergic status in control, sham and left Adx cycling rats, the following were detected (Figure 3 ). In the control group, DOPAC levels (μg/g) were significantly higher in DE-2 compared to PE and E. In sham Adx rats DOPAC levels in PE did not differ compared to DE-2 of controls. In left Adx rats DOPAC levels were not different in PE compared to DE-2 of controls, while DOPAC levels and DOPAC/DA ratio were higher compared to PE of controls. In this phase (PE) the IAG was non-significant (Table 1) and CAG was not apparent (Figure 2) . In E in sham and in left Adx rats, DOPAC levels and DOPAC/DA ratio were not different from .001 for differences between estrus and proestrus in left Adx rats. In Table 2 the dopaminergic status in left Adx rats in PE in relation to the final ERS is presented after separation into two groups using the mean value of the final ERS [15.11±3.08]. We arbitrarily formed 2 groups, one with ERS values above the overall mean [24; 23; 30; 19] and another below the mean [12; 10; 10; 4; 4] . In these two groups the IAG was also estimated. The results showed dopaminergic activation in rats with high ERS and an inverse relationship to IAG without difference in the days of handling.
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Figure 3. Hypothalamic dopaminergic status in diestrus-2 (DE-2), proestrus (PE) and estrus (E) in control rats and in PE and
Correlation analyses presented for all left Adx rats (Table 3) revealed that IAG was negatively correlated with DOPAC levels and DOPAC/DA ratio only in PE (Figure 4) . Additionally, normalized right adrenal phases of the estrous cycle; the two phases preceding PE (DE-1 and DE-2) and the phase following PE (E). The results on estradiol are in accordance with results found by Butcher et al 5 throughout these 4 cycle phases. Uterine weight measured at autopsy at 0900 to 1100 h in the present study was found higher in PE compared to DE-2 in the control rats in agreement with our previous data. 6, 9 The aforementioned phase-related differentiation between DE-2 and PE with regard to both CAG and IAG response could be attributed in part to a delayed onset and prolonged duration "genomic" effect of estradiol. 20 Notably, elevated corticotropin releasing hormone (CRH) mRNA in the afternoon of PE in the parvocellular paraventricular nuclei (PVN) in the female rat has been reported. 21 It has also been shown that human CRH gene expression is under direct estrogen regulation, 22 raising the possibility of a molecular interplay between estradiol and CRH in the control of CAG and IAG. In support of this view, pro-opiomelanocortin (POMC)-derived ACTH levels were higher in the afternoon of PE in comparison to the other phases of the rat's estrous cycle. 23 Thus, in the afternoon of PE, under basal conditions an increase of CRH-induced release of POMC from the anterior pituitary 24 may be expected compared to DE-2. Accordingly, POMC processing in the anterior pituitary 25 might result in higher amounts of the mitogenic precursor pro-opiomelanocortin derived N-terminal peptide N-POMC 1-74 (pro-γ-MSH) in the circulation in PE compared to DE-2. The proteolytic cleavage of this precursor at the adrenal gland was proposed as the major mechanism of CAG control. 26, 27 In two later studies, 28, 29 an adrenal serine protease, cloned in rats, was found to be up-regulated following left Adx and capable of cleaving N-POMC (1-74) into the mitogenic fragment N-POMC (1-52) in the adrenal. Based on the aforementioned studies, the enhancement of CAG and IAG observed in E but not in PE could be mediated by an enhanced CRH-driven increase in the release of N-POMC (1-74) following surgery in PE [21] [22] [23] but not in DE-2. 5 The increase in N-POMC (1-74) could result in higher amounts of the mitogenic fragment in the adrenal. DOPAC levels in PE and E were lower than in DE-2 in non-surgical controls. Following surgery in sham and left Adx rats, DOPAC levels in PE did in left Adx rats, showing the extent of CAG, was also negatively correlated with DOPAC/DA ratio. No statistically significant correlation of IAG with DOPAC and DOPAC/DA ratio was found in E. On the other hand, the uterine weight was positively correlated with IAG only for left Adx rats in E ( Figure 5 ).
dIScuSSIon
The results of the present study in 4-day cycling rats subjected to left Adx on either DE-2 or PE indicate that the CAG and IAG determined 19-20 h post surgery were significantly enhanced in rats examined in E but not in those examined in PE. The weight of the left adrenal was found higher compared to the right in control and sham Adx rats. This finding confirmed our previous unpublished results showing that in 87% of 64 adult cycling rats the left adrenal gland was heavier than the corresponding right. The remaining right adrenal 19-20 h after left Adx was found heavier than the corresponding removed left, showing a rapid IAG both in PE and E with the difference being higher in E compared to PE. On the other hand, the IAG was found significant only in E as was the CAG. The extent of CAG, 16 by comparison of the normalized right adrenal between PE and E in left Adx rats, was also found higher in E. In our previous study, 6 estradiol levels measured around the time Adx was performed in the present study (14:00-16:00 h) were higher in PE compared to the other 3 not differ significantly compared to DE-2 controls. On the other hand, in left Adx rats but not in sham Adx, DOPAC levels and DOPAC/DA ratio were significantly higher in PE compared to PE controls. This difference between rats undergoing left adrenalectomy and sham Adx rats could be attributed to the extra manipulation caused by the removal of one adrenal to which sham Adx rats were not exposed. The overall results suggest that in left Adx rats the neural interference of chronic-stress associated hypothalamic dopaminergic activity in DE-2, being enhanced 19-20 h post surgery in DE-2, contributed to the attenuation of IAG and to the absence of CAG in PE compared to E. This assumption is supported by our results showing a significant negative correlation of the IAG and of the extent of CAG to the DOPAC/DA ratio in left Adx rats only in PE.
The negative effect of emotional stress-associated dopaminergic activation on IAG in PE is supported by the results showing that increased DOPAC/DA ratio in left Adx rats with very high ERS is associated with lower IAG, when compared to rats with low final ERS. The significant negative correlation of the IAG and of CAG to DOPAC/DA ratio, found only in PE and with no such correlation in E, further support the negative interference of the emotional and surgical stress-associated hypothalamic dopaminergic activation in the rapid IAG and CAG in PE following left Adx in DE-2.
Stress-associated dopaminergic activation in DE-2 may be related to increased DA synthesis in the hypothalamus through an increase of 3,4-dihydroxyphenylalanine (DOPA) production, due to increased tyrosine hydroxylase (TH) activity promoted by stressinduced rise in corticosterone 30 and by inhibition of DA re-uptake by corticosterone. 31 On the other hand, dopaminergic activity in E in left Adx, sham Adx and control rats was similar. This could be attributed, in part, to the suppression of TH mRNA levels by progesterone, as found in the arcuate nucleus in PE. 32 Recent evidence suggests that estradiol 17β may affect receptors in hypothalamic dopaminergic neurons by membrane initiated rapid signaling. 33 Thus, a possible suppressive role of estrogens through a rapid effect on dopaminergic activity cannot be excluded. Estradiol 17β, by reducing dopaminergic activity in PE through rapid signaling, may contribute to the significant CAG found in E. A positive correlation of the IAG to the uterine weight was found only in E. This finding is in line with a dependence of both IAG and uterine weight on a common factor, namely the preceding rise in estradiol levels.
Stress-associated dopaminergic activation in the hypothalamus in DE-2 might negatively interfere with CAG by affecting the efferent neural arc from the hypothalamus to the remaining adrenal. It is tempting to postulate that dopamine a-11 perikarya, located in the posterior hypothalamus sending axons to the spinal cord, 34 were activated by the preceding stress. This might exert an inhibitory control in the context of homeostasis on the preganglionic fibres emerging from the thoracic segment of the spinal cord that activate the chromaffin cells in the medulla of the adrenal gland. 35 The attenuation of CAG and IAG by stress-associated dopaminergic activation after Adx in DE-2 may also be attributed to the activation of hypothalamic dopaminergic neurons of the arcuate and paraventricular nuclei that project into the intermediate lobe of the pituitary 36, 37 where DA receptors mRNA are highly expressed. 34 This attenuation could be mediated in part through DA receptors inhibition of adenylyl cyclase, 38 resulting in attenuation of cAMP accumulation and reduced stimulation of melanotrophs, the POMC producing cells in the intrermediate lobe of the pituitary. 24 Thus, the stress-associated dopaminergic activation might result, in the context of homeostasis, in lower release of POMC derived γ-melanocyte stimulating hormone (γ-MSH) in DE-2. This decrease in γ-MSH attenuates its potentiating properties on the adrenal, namely hypertrophy and steroidogenesis. 25, 39 This notion is further supported by the present results suggesting that the enhancement of short-term CAG in E after left Adx in PE is partly mediated by estrogen and progesterone-driven reduction of dopaminergic activity. In favour of this assumption are previous 32 and recent data showing that administration of estrogen to ovariectomized rats, followed by progesterone administration on the next day, decreases the dopaminergic activity in the intermediate lobe. 40 We may conclude that our present results in 4-day cycling rats indicate a profound difference of short-term IAG and CAG between PE and E. It is suggested that the expected rise in CRH, promoted by the rise of estradiol levels preceding left Adx in PE, favours the within 19-20 h significant IAG and CAG observed in E. Moreover, the expected rise in progesterone in the afternoon of PE contributes to the enhancement of CAG and IAG by reducing stress-associated dopaminergic activation.
It is suggested that the hormonal background in DE-2 possibly promotes the chronic emotional plus surgical stress-associated hypothalamic dopaminergic activation and, together with the reduced release of N-poMC (1-74), the precursor of the mitogenic fragment in the adrenal, results in the profound attenuation of the CAg and IAg in pE.
Although results in animals may not have implications for humans, one may speculate that the present findings showing the role of estrogens in CAg and IAg might have certain relevance to humans undergoing unilateral adrenalectomy.
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